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doi:10.1016/j.ejvs.2010.07.015Abstract Background: High-resolution magnetic resonance (MR) imaging has been used for MR
imaging-based structural stress analysis of atherosclerotic plaques. The biomechanical stress
profile of stable plaques has been observed to differ from that of unstable plaques; however,
the role that structural stresses play in determining plaque vulnerability remains speculative.
Methods: A total of 61 patients with previous history of symptomatic carotid artery disease
underwent carotid plaque MR imaging. Plaque components of the index artery such as fibrous
tissue, lipid content and plaque haemorrhage (PH) were delineated and used for finite element
analysis-based maximum structural stress (M-C Stress) quantification. These patients were fol-
lowed up for 2 years. The clinical end point was occurrence of an ischaemic cerebrovascular
event. Theassociationof the time to the clinical endpointwith plaquemorphology andM-CStress
was analysed.
Results: During amedian follow-up duration of 514 days, 20% of patients (nZ 12) experienced an
ischaemic event in the territory of the index carotid artery. Cox regression analysis indicated that
M-C Stress (hazard ratio (HR): 12.98 (95% confidence interval (CI): 1.32e26.67, pZ 0.02), fibrous
cap (FC) disruption (HR: 7.39 (95% CI: 1.61e33.82), p Z 0.009) and PH (HR: 5.85 (95% CI:
1.27e26.77), pZ 0.02) are associated with the development of subsequent cerebrovascular
events. Plaques associated with future events had higher M-C Stress than those which hadvel 5, University Department of Radiology, Addenbrooke’s Hospital, Hills Road, Cambridge CB2 0QQ,
(U. Sadat).
uted equally in writing this article.
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486 U. Sadat et al.remained asymptomatic (median (interquartile range, IQR): 330 kPa (229e494) vs. 254 kPa
(166e290), pZ 0.04).
Conclusions: High biomechanical structural stresses, in addition to FC rupture and PH, are asso-
ciated with subsequent cerebrovascular events.
ª 2010 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Introduction
Luminal stenosis has been traditionally used to indicate the
severity of the atherosclerotic disease process. However,
the observation that non-severe stenotic lesions can
produce ischaemic symptoms prompted the investigators to
look for other markers of atherosclerotic disease severity.1
Morphological characteristics of atherosclerotic plaques
have been shown to have an association with ischaemic
events in carotid arteries.2,3It can play an important role in
the assessment of patients with carotid artery disease,
particularly for patients with moderate carotid stenosis.
This is because although carotid endarterectomy (CEA) has
been shown to be beneficial for patients with severe
carotid stenosis (North American Symptomatic Carotid
Endarterectomy Trial (NASCET) grade: 70e99%), this
benefit has been observed to be borderline for patients
with moderate stenosis (NASCET grade: 50e69%).4 Identi-
fication of features of high-risk plaques may help us identify
those high-risk patients with moderate stenosis, who may
benefit significantly from CEA.
As the location of carotid plaque is in a dynamic envi-
ronment at the carotid bifurcation, the relationship
between plaque morphology and biomechanical stresses
cannot be overlooked.5 Various studies have shown that
structural stress profile of stable plaques differs signifi-
cantly from that of unstable plaques;6,7 however, the role
of structural stresses in determining plaque vulnerability
remains speculative. Direct evidence of the association of
these stresses with subsequent cerebrovascular ischaemic
events remains unexplored. In this prospective study, we
investigate the relationship of morphological features and
biomechanical structural stresses of atherosclerotic carotid
plaques with ischaemic cerebrovascular symptomology
using high resolution magnetic resonance (MR) imaging.
Methods
A total of 61consecutive patients with known carotid artery
disease underwent high resolution carotid MR imaging in
a 1.5-T MR system (Signa HDx GE Healthcare, Waukesha,
WI) with a four-channel phased-array neck coil (PACC,
Machnet BV, Elde, The Netherlands). All patients had
a previous history of either a transient ischaemic attack
(TIA) or a minor non-disabling stroke, diagnosed by an
experienced consultant stroke physician. A retinal TIA was
defined as a partial or complete visual-field loss in one eye
of ischaemic origin lasting less than 24 h8 A hemispheric TIA
was defined as a focal cerebral dysfunction of ischaemic
origin lasting less than 24 h8 A minor stroke was defined as
a neurological dysfunction of ischaemic origin with deficits
persisting longer than 24 h, but with a Rankin score  3. All
patients underwent carotid MR imaging within 1 month ofthe ischaemic event. After the baseline MR imaging, these
patients were clinically followed up prospectively for 2
years. The clinical end point for the study was a cerebro-
vascular event (ischaemic stroke or TIA) in the region
supplied by the index carotid artery. The date of symptoms
of clinical end points were ascertained by review of
hospital records and confirmed by patient interviews.
During carotid MR imaging, movement artefact was
minimised using a dedicated vacuum-based head restraint
system (VAC-LOK Cushion, Oncology Systems Limited, UK)
to fix the head and neck in a comfortable position and allow
close apposition of the surface coils. After an initial coronal
localiser sequence, axial two dimensional (2D)-time-of-
flight (TOF) MR angiography was performed to identify the
location of the carotid bifurcation and the region of
maximum stenosis on each side. Axial images (3-mm
thickness) were acquired to ensure that entire plaque on
the symptomatic side was imaged using previous published
methodology.9 The number of MR slices acquired per plaque
depended on the plaque length and varied from 4 to12. The
MR images were used for their morphological and structural
stress assessment.
The following electrocardiogram (ECG)-gated fast spin
echo pulse sequences were used to delineate various plaque
components such as fibrous content and fibrous cap (FC), lipid
core and PH (Figs. 1 and 2): T1weighted (repetition time/echo
time: 1*respiratory rate (RR)7.8 m s1) with fat saturation,
proton density (PD)weighted (repetition time/echo time: 2)
RR7.8ms1)with fat saturation,T2weighted (repetition time/
echo time: 2)RR85 m s1) with fat saturation; and short tau
inversion recovery (STIR) (repetition time/echo time/inver-
sion time: 2  RR42 m s1 150 m s1). The field of view was
10 10 cmandmatrix sizewas 256 256. The in-plane spatial
resolution achieved was of the order of 0.39  0.39 mm.
The study protocol was reviewed and approved by the
regional research ethics committee and all patients gave
written informed consent.
The inclusion/exclusion criteria were similar to our
previous study.9,10
MR Image Analysis
Plaque components such as lipid content, fibrous tissue and
plaque haemorrhage (PH) were manually delineated by an
experienced MR reader (US) using specialist plaque
segmentation software, CMR Tools (London, UK) and
confirmed by a consultant neuroradiologist (JHG) using
previously published criteria.9,11,12 FC disruption was
identified by the presence of FC discontinuity and cavity
formation in the plaque.9,13,14 The plaque component areas
(mm2) were determined using a previously published
method,9,21 and used for volumetric quantification of pla-
que components.10 A plaque was considered to have large
Figure 1 T1 (a), proton density (PD) (b) and STIR (c) weighted images of segmented carotid atheroma, yellow star indicates lipid
which is hyperintense on T1 and PD weighted images and hypointense on STIR imaging. Yellow arrow indicates fibrous cap (FC)
which is iso to hypointense on T1 and PD images and hyperintense on STIR images. D shows the band plot with maximum stress
concentration at the plaque shoulder.
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plaque volume.15 Following the plaque segmentation,
a cubic B-spline technique was used to reconstruct contours
to form the geometry for mesh generation.
Biomechanical Stress Modelling
The investigator responsible for the entire computational
analysis (ZT) was not involved in the acquisition of MR data
and image segmentation.
A Pre-Shrink Process for In Vivo Data
The in vivo MR images were obtained in diastole by cardiac
gating. Therefore, a pre-shrink process was necessary to
obtain the zero-pressure geometry, which was used as the
numerical starting geometry, and to recover the in vivo
diastolic plaque geometry when pressure was imposed in
the lumen. The details of this technique have been pub-
lished already.16 The average lumen circumference
shrinkage was 9.5  2.00% for the 61 patients. If the
shrinkage procedure was not adopted, we would have
overestimated the stress values by approximately 20%.17
Mesh Generation, Computational Models and
Solution Methods
The computational mesh was made and the model was
solved using automatic dynamic incremental nonlinear
analysis (ADINA) 8.6 (ADINA Inc., MA, USA) (Figs. 1(d) and 2
(d)). All plaque components including fibrous tissue, PH,Figure 2 T1 (a), proton density (PD) (b) and STIR (c) weighted im
and yellow arrow indicates FC. D shows the band plot with maximumlipid content, calcification and healthy arterial wall were
assumed to be nonlinear, incompressible and hyperelastic.
The modified MooneyeRivlin strain energyedensity func-
tion was used to describe the material.18 Material param-
eters were used from previously published studies.17e19
A pulsating pressure was imposed on the lumen using the
systolic/diastolic arm pressure data for each patient at the
time of the MR imaging to perform patient-specific simu-
lation for structural stress quantification. Pressure at the
out-boundary of each vessel slice was set to zero. Maximum
principle structural stress of each MR slice within a plaque
was initially calculated. The maximum of all these values
was taken to represent the ‘maximum structural stress’ (M-
C Stress) of a plaque. We have previously published
regarding the reproducibility of biomechanical stress
simulations.20Statistical Analysis
The influence of patient factors and carotid artery char-
acteristics such as luminal stenosis (as determined by the
European Carotid Surgery Trial criteria21), FC rupture, the
presence of PH, the presence of large lipid core and M-C
Stress on cerebrovascular event-free survival was evaluated
using univariate Cox regression models. Meaningful multi-
variate analyses could not be performed because of the
limited number of cases with a subsequent event. Results
from Cox models are expressed as hazard ratios (HRs) with
95% confidence intervals (CIs). Normality of data was
determined using ShapiroeWilk test. ManneWhitney test
was used for comparison of non-paired continuousages of segmented carotid atheroma, yellow star indicates lipid
stress concentration at the minimum thickness of the FC site.
Table 1 Patient demographics and plaque
characteristics.
Total Patients
n Z 61
Age (yrs) mean (IQR) 74 (64e81)
Median follow-up with IQR (days) 514 (255e718)
Hypertension n (%) 49 (81)
Diabetes mellitus n (%) 6 (10)
aRenal impairment n (%) 3 (5)
Peripheral vascular disease n (%) 11 (7)
Coronary artery disease n (%) 9 (15)
Ischaemic heart disease n (%) 21 (34)
Maximum critical stress (M-CStressPL)kPa
median (IQR)
261 (177e359)
Fibrous cap ruptures n (%) 27 (44)
Plaques with large lipid corebn (%) 19 (31)
Plaques with Haemorrhage n (%) 31 (51)
a Renal impairment: glomerular filtration rate  60 ml/min/
1.73 m2.
b Large lipid core: more than 25% of plaque volume.
488 U. Sadat et al.variables, that is, M-C Stress. Stats Direct Version 2.7.7 was
used for statistical analysis.
Results
The median age of the patients was 74 years (IQR: 64e81).
The median degree of luminal stenosis was 50% (IQR:
45e58). The median duration of follow-up was 514 days
(IQR: 255e718), during which 20% of patients (n Z 12)
experienced an ischaemic event in the territory of the
index carotid artery. The baseline patient demographics
and the baseline MR imaging-based characteristics of
carotid plaques are presented in Table 1. A total of 214 MR
images with IQ > 3 were used for morphological and
biomechanical assessment. A total of 44% plaques had MR
evidence of FC rupture and 51% had MR evidence of PH. M-
C Stress of plaques associated with subsequent cerebro-
vascular events was significantly higher than those which
had remained asymptomatic during the follow-up (median
(IQR): 330 kPa (229e494) vs. 254 kPa (166e290),
p Z 0.04). M-C Stress was located at sites of minimum FC
thickness, FC rupture site and plaque shoulder Figs. 1, 2
and 3. Among all the baseline clinical and plaqueFigure 3 T1 (a) (un-segmented image) and proton density (P
indicates plaque haemorrhage which is hyperintense on T1 weighte
indicates FC rupture. C shows the band plot with maximum stresscharacteristics listed in Table 1, Cox regression analysis
indicated that FC disruption, the presence of PH and M-C
Stress were associated with the development of subse-
quent cerebrovascular events (Table 2). Plaques with PH
or FC rupture had six and seven times more chance of
being associated with subsequent ischaemic events,
respectively. High structural stresses were seen to
increase the chance of the subsequent event by 13 times.
The presence of a large lipid core did not show significant
association with risk of stroke.
Discussions
To our knowledge, this is the first study to report the
relationship of biomechanical structural stresses of
atherosclerotic plaques of previously symptomatic patients
prospectively. Cox regression analysis showed that devel-
opment of subsequent ischaemic events in this patient
group is associated not only with ruptured and haemor-
rhagic plaques but also with structural stresses within
them. Plaques associated with the development of subse-
quent cerebrovascular events had significantly higher
stresses than those, which had remained asymptomatic
during the follow-up period. Because our patients had
moderate carotid stenosis, this study provides evidence of
the clinical relevance of these morphological and biome-
chanical features of plaque vulnerability, even at lesser
degrees of stenoses.
The important role of haemodynamic factors in deter-
mining the nature of atherosclerotic lesions in various
arterial beds was suggested by Glagov et al. as early as
1961.22 In the 1980s, Lusby et al. suggested the role of
mechanical stresses in carotid plaque progression and in
the development of symptoms of cerebral
ischaemia.5,23,24 In continuum mechanics, stress is
a measure of the average force per unit area of a surface
within a deformable body on which internal forces act. In
case of carotid atheroma, it is the location of the
atheroma in the dynamic environment of the carotid
artery bifurcation which leads to the generation of various
haemodynamic forces (such as turbulent flow, segmental
variations in vessel wall compliance5 and alterations in
segmental tangential tension due to the asymmetric
deposition of plaque,23 etc.), which affect the structural
stresses within them. The changes in atheroma material
strength due to the underlying inflammatory activity alsoD) weighted segmented image of carotid atheroma, red star
d images and isointense on PD weighted imaging. Yellow arrow
concentration at the site of FC rupture.
Table 2 Univariate Cox regression analysis of patient demographics, co-morbidities and carotid artery disease characteristics.
Total patients Z 61
Hazard Ratio 95% Confidence interval p value
Age 1.00 0.95 to 1.04 0.99
Hypertension 1.39 0.30 to 6.37 0.66
Diabetes Mellitus 0.60 0. 13 to 2.60 0.50
Renal Impairment 0.60 0. 09 to 4.56 0.62
Ischaemic heart disease 1.46 0.46 to 4.63 0.51
Peripheral vascular disease 0.62 0.08 to 4.84 0.65
Coronary artery disease 2.07 0.55 to 7.70 0.27
Luminal Stenosis 0.99 0.94 to 1.04 0.80
Maximum critical stress (M-CStressPL) 12.98 1.32 to 26.67 0.02*
Fibrous cap rupture 7.39 1.61 to 33.82 0.009*
Large lipid core 1.75 0.55 to 5.54 0.33
Plaque Haemorrhage 5.85 1.27 to 26.77 0.02*
*Statistically significant results.
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deformations caused by the cardiac cycle may play an
important role in lesion stability.25 When the loading
exceeds the material strength, plaque rupture occurs,
leading to the onset of ischaemic symptoms. Therefore,
theoretically, there should be an association between
biomechanical stresses and ischaemic symptom onset.
This study provides us with prospective evidence, for the
first time, that stresses have a strong association with the
onset of ischaemic symptoms.
We used finite element analysis (FEA) for structural
stress assessment of atherosclerotic plaque. The principle
of finite element analysis is that it breaks a very complex
problem into many simpler problems that are much easier
to solve. It does this by breaking down complex shapes and
geometries into simple shapes called elements. The
computer considers the interaction between each element
to model the entire structure. FEA uses a complex system of
points called nodes, which make a grid called a mesh. This
mesh is programmed to contain the material and structural
properties, which define how the structure will react to
certain loading conditions (i.e. blood pressure in case of
stress analysis). In this way, complex systems such as
atheroma can be modelled appropriately and structural
stresses can be quantified. As FEA integrates information
regarding plaque morphology (such as FC thickness, plaque
rupture site, luminal curvature etc.), material properties of
the plaque components and patient-specific blood pressure
(used for loading) during the computational simulations, it
provides a much more comprehensive assessment of plaque
vulnerability compared with plaque morphology alone.
Using histology-based FEA models, it has been observed
that increased levels of stress are concentrated at the
edges of the FC near the border with the normal intima (i.e.
plaque shoulder).26 Our observations from this study are in
accordance with this finding. Li et al. reported that
ruptured plaques have higher stresses than non-ruptured
plaques.6 They also reported that ruptured plaques had
higher prevalence of PH and that because of its soft nature,
PH would undergo massive deformation leading to high
stresses, which could be possibly responsible for plaque
vulnerability. The association of plaque vulnerability with
FC rupture and PH in symptomatic patients is also stronglysupported by the largest histological study called ‘The
Oxford Plaque Study’, which reported higher prevalence of
FC rupture and PH in symptomatic plaques.27 In this
prospective study, we found that FC ruptures and the
presence of PH, in addition to structural stresses, has
a strong association with subsequent ischaemic events,
which reiterates the above findings. During the entire
follow-up period, all patients were maintained on the best
medical therapy, which included a statin and aspirin
(75 mg day1) (clopidogrel (75 mg day1) if unable to
tolerate aspirin).
However, this study has some limitations as well. (1)
Relatively small number of patients in this study prevented
the multivariate analysis of our results. A similar study
assessing the relationship of plaque morphology with future
events was performed by Takaya et al., in which, although
the number of patients was more than 150, multivariate
analysis was not performed as it would not provide mean-
ingful results.3,4 This seems to be a limitation of the MR
imaging studies as recruiting hundreds of patients in them
will be extremely expensive and non-practicable, unlike
community-based epidemiological studies. Nonetheless,
significant associations were observed, and these findings
form the basis and justification for larger, prospective
studies to better define the risk of specific carotid plaque
features for TIA and stroke. (2) Although the relative
material properties of various plaque components are
probably only an approximate representation of the actual
material properties, they are the best available choice for
the biomechanical simulations today. This limitation is
difficult to overcome at present. (3) Finally, our patients
had moderate carotid stenosis making it impossible to
obtain plaques for histological analysis for MR image
comparison/co-registration; however, this has been vali-
dated by us previously.15,28,29Conclusions
This prospective study indicates that biomechanical struc-
tural stresses, in addition to morphological features such as
ruptured FC and the presence of PH as identified by MRI,
are significantly associated with the development of
490 U. Sadat et al.subsequent ipsilateral cerebrovascular ischaemic symptoms
in patients with a predominantly lesser degree of carotid
stenosis at baseline. If confirmed and reproduced in larger
prospective studies, MRI-based morphological and biome-
chanical analysis of plaques may prove to be an important
tool for risk stratification and selection of candidates with
a lesser degree of carotid stenosis for appropriate non-
invasive or surgical treatment.
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